In this paper we describe the characterization of the genomes of two sea turtle papillomaviruses, Chelonia mydas PV (CmPV-1) and Caretta caretta PV (CcPV-1). The isolation and sequencing of the first non-avian reptilian PVs extend the evolutionary history of PVs to include all amniotes. PVs have now been described in mammals, birds and non-avian reptiles. The chelonian PVs form a distinct clade most closely related to the avian PVs. Unlike the avian PVs, both chelonian PVs have canonical E6 and E7 ORFs, indicating that these genes were present in the common ancestor to mammalian and non-mammalian amniote PVs. Rates of evolution among the non-mammalian PVs were generally slower than those estimated for mammalian PVs, perhaps due to lower metabolic rates among the ectothermic reptiles.
Introduction
Papillomaviruses (PVs) are a diverse family of non-enveloped double-stranded DNA viruses that have small (7-8 kb) closed-circular genomes. They are highly species-specific pathogens that cause mucocutaneous and cutaneous epithelial proliferative lesions, including invasive cancer in their vertebrate hosts. PV genomes have been characterized for numerous mammalian and two avian species (de Villiers et al., 2004; Terai et al., 2002) . Virus particles morphologically consistent with PV have been observed in some reptiles (Jacobson, 2007) , however, none have been verified at the molecular level. Recently, PV-like particles were found in epidermal lesions from a green sea turtle (Chelonia mydas) and a loggerhead sea turtle (Caretta caretta). Using degenerate primers, a short fragment was PCR amplified from lesion DNA of these two turtles that had homologies with the PV E1 ORF (Manire et al., 2008) . In this study, we cloned and characterized the full-length genome sequences of these two reptile viruses, hereafter referred to as C. mydas PV type 1 (CmPV-1) and C. caretta PV type 1 (CcPV-1). Our analyses show that these reptile viruses have some interesting features and we discuss the evolution of amniote PVs in the light of these novel PV types.
Results and discussion

Features of turtle PV genomes
The two marine turtle PVs have the smallest PV genomes yet described (6953 bp for CmPV-1 and 7020 bp for CcPV-1). GC content was 47.2% for both viruses. Examination of the CmPV-1 and CcPV-1 sequences for the typical complement and arrangement of PV genes identified 7 distinct open reading frames on the same (coding) strand. Reference to available protein sequences using BLASTX (Altschul et al., 1990 ) facilitated identification of 5 of the open reading frames based on similarity scores, relative size, and position in the genome to orthologous PV genes (Fig. 1) . These included the early genes E6, E1, and E2 and the late genes L2 and L1. Embedded within the E2 ORF we identified a short (143 and 146 amino acids for CmPV-1 and CcPV-1 respectively) putative E4 ORF. Although no significant similarity scores were found with other E4 proteins, this ORF had high proline Virology 383 (2009) Contents lists available at ScienceDirect Virology j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / y v i r o content similar to the E4s of other PVs. No obvious E5 ORF was found. Both turtle PV genomes contained an ORF downstream of and partially overlapping (7 bp) with the E6 ORF (Fig. 1) . In mammalian PVs, this position is usually occupied by an E7 ORF. However, sequence analyses did not identify the ORF as an E7.
Between the stop codon of L1 and the start codon of E6 was a region of 652 bp (CmPV1) and 752 bp (CcPV-1) that contained no viral open reading frames, consistent with the upstream regulatory region (URR) of other PVs. The CmPV-1 genome contained five potential 12 bp consensus E2 binding sites (ACC-N 6 -GGT); whereas, the CcPV-1 genome had four (Fig. 1) . None of these E2 binding sites was located within the URR.
Taxonomic and phylogenetic relationships of the two sea turtle PVs
Pairwise nucleotide sequence similarity between the two turtle PVs ranged from 58.1% for the URR to 71.9% for L1 (Table 1) . Based on the current PV taxonomic criteria (de Villiers et al., 2004) , these two turtle PV genomes constitute a new genus since they share less than 60% nucleotide identity in the L1 ORF with other types.
Phylogenetic relationships were inferred from alignments of concatenated amino acids and nucleotide sequences of 4 ORFs (E1, E2, L2 and L1) of all available papillomaviruses. Analysis included orthologous sequences from 141 mammalian and 2 avian PVs. The consensus tree representing all PV types is presented in Fig. 2 . Turtle PVs clustered together with avian PVs in a distinct clade separate from all mammalian PVs. This agrees with the phylogenetic relationship proposed based on analysis of partial E1 sequences (Manire et al., 2008) . Moreover, the isolated position at the root of the PV tree is consistent with the proposed idea that PVs have co-speciated with their host animals.
Evolutionary rates within the non-mammalian amniote PV clade
Nucleotide base substitution rates have been estimated for mammalian (feline) PVs to range from 1.32 to 2.47 × 10 − 8 substitutions per nucleotide per year (Rector et al., 2007) . Using these rates we estimated that the avian and turtle PVs diverged approximately 60 million years ago (Mya). Assuming that PVs co-speciated with their hosts, however, this divergence time is inconsistent with the fossil record, which dates the turtle-avian divergence at approximately 220 Mya (Hedges and Poling, 1999) . Also, since the chelonian tribes Chelonini and Carettini, (represented by C. mydas and C. caretta, respectively), diverged 50-75 Mya (Bowen et al., 1993 ) the number of base differences in the coding regions of the two turtle PV genomes are fewer than expected if they co-speciated with their hosts at the same rate as mammalian PVs. Since our previous work has shown that turtle herpesviruses have a two to five fold slower evolutionary rate compared to the human Herpesviridae (Herbst et al., 2004) , we hypothesized a similarly slower evolutionary rate for turtle PVs. To answer this, we estimated nucleotide base substitution rates for the reported non-mammalian PVs. The predicted average rates for the E1, E2, and L1 ORFs ranged between 0.9 and 1.2 × 10 − 8 substitutions per nucleotide per year within the non-mammalian amniote PVs (Table 2) , approximately 50-60% of the rates estimated for mammalian PVs (Rector et al., 2007) . The estimated rates for L2, however, were comparable to the mammalian estimates. With the exception of L2, the generally slower mutation rate estimates for non-mammalian PVs may be related to lower rates of evolution within the turtle lineage. It has previously been suggested that substitution rates are correlated with generation times and metabolic rates. Also, poikilothermic vertebrates have a slower mtDNA substitution rate when compared to homeotherms of similar size (Martin and Palumbi, 1993) . These observations have been used to explain the reported slower rates of mitochondrial and nuclear DNA changes in marine turtles when compared to ungulates (Bowen et al., 1993) . Since PVs use the host cell's enzymatic machinery to replicate their DNA, the evolutionary rate of the virus is highly correlated with that of the host. We suggest that the observed differences in PV mutational rates are due to the slower metabolic rates and longer generation times. As more nonmammalian PVs are discovered and characterized, we expect to observe a dichotomy in evolutionary rates among the PVs of extant non-mammalian amniotes reflecting the difference between the low metabolic rates of reptiles and the high rates of birds. E6* represents the short putative E6 ORF found in CcPV-1 and CmPV-1. 
Reptile PV E6 and E7 ORFs
The amino acid sequences of the putative turtle PV E6 genes were homologous to E6s of mammalian PVs. However, the chelonian E6s were smaller (85 amino acids) and contained only two C-x-x-C motifs separated by 34 (CmPV-1) and 35 (CcPV-1) amino acids respectively, compared to four motifs found in the larger mammalian E6s (151 amino acids for HPV-16). The putative E7 ORFs were 108 (CmPV-1) and 111 (CcPV-1) amino acids in size and also contained two C-x-x-C motifs separated by 23 amino acids, similar to the two avian (FPV and PePV) E7s, which have these motifs separated by 21 and 23 amino acids, respectively. A consensus pRb binding motif (L-x-C-x-E), characteristic of other E7s (Narechania et al., 2004; Terai et al., 2002) , was not present in either chelonian virus. Although sequence similarity searches did not identify a statistically significant match for the putative E7 ORF, the presence of two C-x-x-C domains prompted us to study the tertiary structure of this protein. To this end, we used the recently solved solution structure for HPV-45 E7 (Ohlenschlager et al., 2006 ) to predict a model for this putative protein. This structural analysis (see Fig. 3 ) supports the hypothesis that these turtle PV ORFs are remnants of, or precursors to the current E7 proteins.
The two avian PV genome sequences that have been published, FPV and PePV, as well as several mammalian PVs, namely the Bovine PVs BPV-3, -4, -6, -9 and -10, and HPV-101 and -103 lack canonical E6 ORFs (Chen et al., 2007; Hatama et al., 2008; Jackson et al., 1991; Terai et al., 2002) . In addition, some mammalian PVs (e.g. PsPV) lack an E7 ORF (Terai et al., 2002) . The relatively higher sequence variation and estimated mutation rates among mammalian PV E6 and E7 ORFs have led some to suggest that these are relatively late entrants into the PV genome, after the basic E1, E2, L2, L1 genome structure evolved and perhaps after the mammalian-avian PV divergence (Garcia-Vallve et al., 2005) . Our finding that both turtle PVs had canonical E6 and E7 ORFs (E7 identified by position and protein structure) indicates that they were present in the genome of the common ancestor of mammalian and non-mammalian amniote PVs and suggests that they had important functions in ancestral PV life cycles. Thus, the absence of either E6 or E7 in some PVs represents independent losses within certain lineages.
A critical aspect of the life cycle of all known PVs is that productive virus replication occurs in epithelial cells during terminal differentiation. In PVs that have been studied extensively, both E6 and E7 proteins are believed to function to promote unscheduled DNA replication and inhibit cell cycle checkpoints leading to apoptosis, permitting survival and proliferation of infected host epithelial cells. For example, HPV-16 E6 is known to bind p53 whereas E7 binds pRb. Although neither chelonian PV E7 ORFs had a recognized pRb binding motif, there is a likelihood that at least one or both E6 or E7 proteins may function in stimulating DNA synthesis machinery, sequestering host cell cycle checkpoint proteins, and preventing infected cell apoptosis. Likewise, at this point it is unclear whether the single domain E6 protein is able to perform any of the functions attributed to the mammalian E6 proteins (e.g. sequestering of p53). The presence of a smaller E6 protein with only two CxxC motifs suggests that either a single Zn-binding domain of the E6 protein has biochemical activity or that it needs to form a complex with itself and/or other (cellular) proteins.
There is evidence that the E6 and E7 proteins are related, possibly being derived by gene duplication (Cole and Danos, 1987; Danos and Yaniv, 1987) . The evolution of redundant proteins through gene duplication allows for diversification and/or enhancement of functions such as the acquisition of additional binding motifs. The relatively rapid evolutionary rates within these ORFs may reflect selection and adaption to different host cellular proteins involved in cell cycle control and terminal differentiation.
Molecular characterization of two turtle PVs extends the evolutionary history of PVs to include all amniotes. Our data also suggests that a basic PV structure including 5 early genes (E6, E7, E1, E2, and E4) and 2 late genes (L1 and L2) is ancestral to the divergence of Synapsida and Sauropsida ∼310 Mya (Benton and Donoghue, 2007; Kumar and Hedges, 1998) .
Materials and methods
Cloning and sequencing
The sea turtle PV genome sequences were each assembled from two PCR products amplified directly from DNA extracted from the index cases' lesions. Utilizing the published partial sequences of the E1 ORF for CcPV-1 (GenBank accession no. EU257704) and CmPV-1 Fig. 3 . Structural models of putative E7 ORFs of CmPV-1 and CmPV-2. Homology models for CcPV-1 and CmPV-1 based on the experimentally derived sequence for HPV45 E7 (Ohlenschlager et al., 2006) . The table in the figure shows the statistical support for the alignments using TOPOFIT. 2b9d is the structure experimentally derived for HPV-1a E7 (Liu et al., 2006) and is shown for comparison. Ne is the number of equivalent positions; RMSD is the root mean square deviation and alignments with Z-scores higher than 3 are considered to have a statistical significant structural correlation (Ilyin et al., 2004) .
(EU257705), we designed inverted primers and used the Expand Long Template PCR system (Roche Diagnostics) to amplify the remaining ∼ 7 kb circularized genome. These products were cloned into a plasmid vector (TOPO TA cloning kit, Invitrogen) and several clones, as well as, the original PCR products were sequenced in the Albert Einstein College of Medicine Genomics Core facility. An additional DNA fragment was PCR amplified across the ends of the original E1 fragments and the larger product was sequenced to confirm the full genome assembly.
Phylogenetic analysis
Phylogenetic relationships were inferred from alignments of concatenated nucleotide and amino acid sequences of 4 ORFs (E1, E2, L2 and L1) of all available papillomaviruses. Analysis included orthologous sequences from 141 mammalian and 2 avian PVs. The amino acid sequence of each ORF was aligned using ClustalX software (Thompson et al., 1997) . Codon Align (ver 1.0) (available from website http://www.sinauer.com/hall/) was implemented to align the nucleotide sequence of each coding region corresponding to the aligned proteins. The computer program, MrBayes v3.0b4 (Huelsenbeck and Ronquist, 2001; Ronquist and Huelsenbeck, 2003) was used for Bayesian tree construction, with 100,000 cycles for the Markov chain Monte Carlo (MCMC) algorithm. The gamma model was set for among-site rate variation, and allowed all substitution rates of aligned sequence to be different.
Evolutionary rate estimation
Evolutionary rates of the E1, E2, L2 and L1 ORFs among 2 turtle PVs (CmPV-1 and CcPV-1) and 2 avian PVs (FPV and PePV) were estimated using an uncorrelated relaxed clock in BEAST v1.4.6 (Drummond and Rambaut, 2007) . Bayesian MCMC analyses in BEAST were performed using the Hasegawa-Kishino-Yano (HKY) model of evolution with gene-specific gamma-distributed rate heterogeneity among invariant sites and gene-specific evolutionary rates; rates on each branch were drawn identically and independently from an underlying lognormal distribution. Monophyletic constraints were imposed for the nodes that were used to calibrate the evolutionary rates. Uniform prior distributions were used for the times to the most recent common ancestor (MRCA) of FPV, PePV, CcPV-1 and CmPV-1 (216.7 to 238.3 Mya), CcPV-1 and CmPV-1 (50.0 to 70.0 Mya), and FPV and PePV (47.1 to 50.0 Mya), all based on the posterior distributions obtained from the hosts (Benton and Donoghue, 2007; Bowen et al., 1993; Hedges and Poling, 1999) .
Homology model building and testing
The HPV-45 E7 NMR structure (Ohlenschlager et al., 2006) , downloaded from the RCSB protein data bank (http://www.rcsb.org, accession number 2EWL), was opened in Spdbv v3.7 and the amino acid sequence of each turtle putative E7 protein was fitted into this structure using standard settings (Guex and Peitsch, 1997) . After manually aligning the first C-x-x-C domain in both amino acid sequences, the project was submitted to the Swiss-model server (http://swissmodel.expasy.org). The resulting structure models were opened in PyMOL (http://www.pymol.org) and aligned to the experimentally solved HPV-45 E7 structure. TOPOFIT was used to test the quality of the obtained models (Ilyin et al., 2004) .
Nucleotide sequence accession numbers
The complete genome sequence data are available from GenBank accession numbers EU493091 (CmPV-1) and EU493092 (CcPV-1).
